The transforming growth factor beta superfamily ligand activin A controls juvenile testis growth by stimulating Sertoli cell proliferation. Testicular levels are highest in the first postnatal week, when Sertoli cells are proliferating and spermatogonial stem cells first form. Levels decrease sharply as Sertoli cell proliferation ceases and spermatogenic differentiation begins. We hypothesized that changing activin levels also affect germ cell maturation. We detected an acute and developmentally regulated impact of activin on Kit mRNA in cocultures of Sertoli cells and germ cells from Day 8, but not Day 4, mice. Both stereological and flow cytometry analyses identified an elevated spermatogonium:Sertoli cell ratio in Day 7 testes from Inhba BK/BK mice, which have decreased bioactive activin, and the germ cell markers Sycp3, Dazl, and Ccnd3 were significantly elevated in Inhba BK/BK mice. The flow cytometry measurements demonstrated that surface KIT protein is significantly higher in Day 7 Inhba BK/BK germ cells than in wild-type littermates. By Day 14, the germ cell:Sertoli cell ratio did not differ between genotypes, but the transition of type A spermatogonia into spermatocytes was altered in Inhba BK/BK testes. We conclude that regulated activin signaling not only controls Sertoli cell proliferation, as previously described, but also influences the in vivo progression of germ cell maturation in the juvenile testis at the onset of spermatogenesis.
INTRODUCTION
Activins are members of the large transforming growth factor b superfamily of dimeric ligands. They are homodimers or heterodimers of the inhibin b subunits b A , b B , and b C , encoded by Inhba, Inhbb, and Inhbc, respectively. Activin A (Inhba) was originally identified as a reproductive hormone that regulates hypothalamic-pituitary-gonadal axis function [1] . We now understand that activin A is a multifunctional growth factor that is integral to normal mammalian development. In addition, many disease states are associated with perturbed activin signaling or alterations in activin-related molecules [2, 3] . Thus, it is critically important to understand the impact of altered activin signaling, particularly in systems where it has a well-documented physiological role.
Activin A is of particular importance in the juvenile testis, and production of this ligand and its regulators is highly dynamic at the onset of spermatogenesis in rodents [4] [5] [6] [7] [8] . Sertoli cells, Leydig cells, and peritubular cells are all sites of activin A subunit synthesis in the newborn and juvenile testis [5, 7] . Activin A protein levels are highest during the first week of postnatal rat [7] and mouse [8] testis development, coinciding with the first appearance of spermatogonial stem cells and the final phase of Sertoli cell proliferation [7] [8] [9] . Gonocytes present before birth contain the Inhba subunit mRNA and protein; activin A protein, but not the mRNA, is present in these germ cells immediately after birth. During the transition of gonocytes into spermatogonia at the onset of spermatogenic differentiation, the protein is absent [5] . Concordant with the timing of this maturation, germ cells no longer contain activin A protein but instead synthesize mRNAs encoding two activin signaling inhibitors, follistatin and Bambi (BMP and activin membrane-bound inhibitor) [5, 6] . Chronic elevated activin signaling in vivo is linked with formation of Sertoli cell-derived tumors in mice within 4 wk after birth [10] [11] [12] . Additionally, testicular follistatin production increases after Day 4 in the mouse [8] . These findings collectively illustrate the capacity and need for finely tuned modulation of activin bioactivity as the testis develops.
The action of activin is presumed to be direct on Sertoli cells and germ cells, as they contain mRNAs encoding the type 1A, type 1B, and type IIB activin receptor subunits in the Day 7 mouse [13] . The capacity for activin A to bind germ cells has also been demonstrated by in situ ligand binding [14] . However, the specific effect of activin signaling on germ cell differentiation has not been investigated in vivo to date. Because the decrease in testicular activin levels corresponded with the onset of spermatogenesis, we hypothesized that activin might regulate germ cell maturation by controlling the activity of key genes implicated in this process.
Activin transgenic mouse models provide an ideal tool for investigations of germ cell fate in an environment of chronically reduced or absent activin. The Inhba À/À mouse lacks all Inhba subunits and hence produces no activin A [15] ; these mice die at birth, failing to suckle due to abnormal palate formation. The Inhba knockin mouse line (Inhba BK/BK ) has the Inhba mature domain sequence replaced by the less bioactive Inhbb mature domain sequence, with activin B replacing activin A [16, 17] . In normal testis, the Inhbb subunit protein is present in spermatogonia, spermatocytes, Sertoli cells, and Leydig cells [8] . Activin B exhibits lower affinity for activin A receptors and preferentially binds to ALK7 (activin receptor 1C [ACVR1C]) [18, 19] . Heterozygous Inhba þ/BK mice appear normal, while Inhba BK/BK males exhibit delayed fertility but survive to adulthood [17, 20] . Serum follicle-stimulating hormone (FSH) levels are approximately 50% higher in Inhba BK/BK adult males than in controls [17] , indicating that the reproductive abnormalities are not due to deficient FSH production. The significantly lower testicular volume of adult Inhba BK/BK mice relative to their wild-type littermates is similar to that observed in Acvr2 À/À mice [21] . Thus, activin A has an important role in postnatal testicular growth that cannot be replaced by activin B.
The influence of activin on germ cell maturation at the onset of postnatal spermatogenesis was investigated in the present study using both in vitro (acute model) and in vivo (chronic model) analyses. As an essential and established marker of germ cell maturation, we chose to examine the KIT tyrosine kinase receptor, which affects spermatogonial proliferation, differentiation, and survival at the onset of spermatogenesis [22] [23] [24] [25] [26] . In the first postnatal wave and during adult spermatogenesis, KIT signaling is initiated by binding of the kit ligand (KITL), which is synthesized in Sertoli cells [27] . Spermatogonial stem cells lack KIT protein [28] , but KIT signaling is essential for survival of the more mature differentiating spermatogonia, and the presence of the receptor is an established marker of this cell type [22, [28] [29] [30] . Evidence that activin signaling can affect germ cell maturation emerged both from measurements of Kit mRNA and KIT surface protein (germ cell maturation markers) and from stereological evaluation of germ cell and Sertoli cell numbers in Day 7 and Day 14 Inhba BK/BK mice. These outcomes demonstrate that activin bioactivity levels influence germ cell maturation at the onset of spermatogenesis, contributing to the complex signaling networks that govern normal testis development.
MATERIALS AND METHODS

Animals and Sample Collection
All mice were housed at Monash University Central Animal Services. The day of birth was noted as Day 0. Inhba BK mice were maintained as heterozygotes on a congenic inbred C57BL6/J background, and littermates were used in the same experiment (wild-type Inhba þ/þ , heterozygous Inhba 
Sertoli Cell-Germ Cell Cocultures
Seminiferous cords consisting of Sertoli cells and germ cells were isolated from Day 4 and Day 8 testes using sequential digestion to remove interstitial cells, as described previously [32] . The removal of interstitial cells is critical because Leydig cells of both juvenile and adult mice produce KIT [29, 33, 34] . Cord fragments were resuspended at a 1 testis:1.5 ml ratio (Day 4) and a 1 testis:2 ml ratio (Day 8) in Dulbecco modified Eagle medium (DMEM) supplemented with penicillin-streptomycin, nonessential amino acids, and Lglutamine (medium and all supplements from Life Technologies, Inc., Gaithersburg, MD). Six-well plates were precoated with laminin (0.1 lg/cm 2 for 2 h; Sigma Chemical Co., St. Louis, MO) before addition of cord fragments (3 ml/well). After 24 h at 328C in 5% CO 2 , recombinant human activin A (100 ng/ml [Day 4] and 6.25-100 ng/ml [Day 8]; R&D Systems, Minneapolis, MN) or bovine follistatin (200 ng/ml [5] ) was added to duplicate samples and then cultured for an additional 24 h. Cells were collected by scraping and washing plates in PBS, snap frozen, and stored below À708C until RNA extraction. Experiments were repeated six times for each treatment group.
Hormone Assays
For serum analysis, Day 7 Inhba BK male mice were decapitated, and blood was immediately collected using a Microvette CB 300 capillary tube (Sarstedt, Nümbrecht, Germany). Blood samples were centrifuged at 10 000 rpm for 20 min, and serum was collected and stored at À208C. To have sufficient serum for FSH assay, samples from three to five mice were pooled for each genotype, and at least six samples per genotype were used. Serum FSH concentrations were determined using radioimmunoassay reagents kindly provided by Dr. A. Parlow, National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) (Bethesda, MD). The iodination preparation and antiserum used were rFSH I-8 and anti-rFSH-S-11, respectively, and the results are expressed in terms of NIDDK mFSH-RP-1. Goat anti-rabbit IgG (GAR#12; Monash Institute of Medical Research, Monash University, Melbourne, Australia) was used as a secondary antibody. All measurements were performed on 20-ll duplicates of serum. The lowest limit of detection was below 1.25 ng/ml; the average within-assay coefficient of variation was 7.3%, calculated using a pool of normal mouse serum in each assay.
Stereology
The optical dissector stereological method [35] was used to determine the total number of Sertoli cells and germ cells per testis in resin sections. All measurements were performed using a 1003 objective (BX-50 microscope; Olympus). A microcator (D 8225; Heideinhain, Traunreut, Germany) attached to the microscope stage monitored scanned depth. Images were captured by a JVC TK-C1381 video camera coupled to a computer using a Screen Machine II fast multimedia video adapter (FAST, Hamburg, Germany). The software package CASTGRID V1.60 (Olympus) was used to generate an unbiased counting frame superimposed on the video image. Fields were selected by a systematic uniform random sampling scheme, as previously described [35, 36] , using a motorized stage (Multicontrol 2000, ITK, Lahnau, Germany). The final screen magnification was 2708-fold. Sertoli cells and spermatogonia were identified based on location within the cord and shape of the cell nucleus. Sertoli cells exhibited irregularly shaped nuclei, which were often positioned toward the basement membrane and contained multiple nucleoli. Type A spermatogonia were identified as circular to ovoid cells with large circular nuclei, located close to the basement membrane. Type B spermatogonia were distinguished by the presence of an ovoid nucleus, large chromatin patches along the nuclear envelope, and their location on the basement membrane. Spermatocytes were identified by round nuclei and chromatin threads (leptotene and zygotene) or lightly stained chromatin with densely stained nucleolar material (pachytene). At least 200 Sertoli cell nuclei and 300 germ cells per animal per sample, with at least three animals per genotype, were counted using an unbiased counting frame (626-lm 2 area).
Quantitative mRNA Analysis
Total RNA was prepared from coculture and whole-testis samples using the RNeasy extraction kit (Qiagen, Hilden, Germany) and DNase I (Ambion, Austin, TX), as previously described [29] . The RT with random hexamers (Applied Biosystems, Foster City, CA) was performed according to the enzyme manufacturer's guidelines. The reaction mixture consisted of 8 ll of Roche (Mannheim, Germany) SYBR Green PCR Mix (Day 4 and Day 8 Sertoli cellgerm cell cocultures) or Applied Biosystems SYBR PCR Master Mix (transgenic mouse testes) with 500 nM of each forward and reverse primers for mouse target genes and 2 ll of diluted template cDNA. The PCR was performed with either a Light Cycler 2.0 (Roche) at 958C for 10 min and then 48 cycles of amplification at 958C for 15 sec, 608C for 5 sec, and 728C for 10 sec or with a 7900HT real-time system (Applied Biosystems) at 958C for 10 min and then 45 cycles of amplification at 958C for 15 sec, 628C for 30 sec, and 728C for 30 sec. Each reaction was performed in triplicate. Primers are listed in Table 1 . For sample loading normalization, Actb (encoding beta-actin [for transgenic mouse testes]) and Rn18s (for culture samples) were used. The mRNA levels of Actb and Rn18s were not significantly different between samples. Amplified products were all verified by melting curve analysis, agarose gel electrophoresis, and sequencing. Correlation of crossing points from the sample amplification plot with target mRNA copy number was enabled by producing a standard curve for each product in every experiment using cDNA containing the target gene. Values of target mRNA of the control samples from each coculture experiment were set at 1 to control for differences between experiments. The test sample mRNA values were calculated as the fold change from control values. The wild-type samples were set at a mean arbitrary value of 1, and the heterozygous and mutant mean outcomes were calculated as the fold change from wild-type values. Data are presented with the SEM from at least five samples per genotype for each age.
Flow Cytometry Analysis
For each flow cytometry analysis, a single testis from each mouse was decapsulated and digested with collagenase-DNase-hyaluronidase in DMEM (1 mg/ml, 0.5 mg/ml, and 1 mg/ml, respectively; Sigma Chemical Co.) for 15-20 min at 358C in a shaking water bath. A 2-to 3-min incubation with 0.05% trypsin (Invitrogen, Carlsbad, CA)-ethylene diamine tetraacetic acid solution was followed by trypsin inactivation with PBS and 10% fetal calf serum (Hyclone, Utah, TX) to obtain single-cell suspensions. Cell labeling for flow cytometry was performed with minor modification of established protocols [37, 38] . Briefly, cells were incubated with the biotin-conjugated rat anti-KIT monoclonal ACK4 antibody [39] at 1:50 dilution in 2.4G2 (rat hybridoma antiFc receptor supernatant [38] ) and 2% normal rat serum (NRS; Sigma Chemical Co.) for 30 min. , and MVH À cells in the total cell population was determined for each genotype. The mean fluorescence intensity of KIT-PE was also analyzed. Separate analyses were conducted for at least five males per genotype from each of four independent litters from Inhba þ/BK matings.
Statistical Analysis
Data are presented as the mean 6 SEM. All data were analyzed using oneway ANOVA combined with Tukey posttest or unpaired t-test for comparison between each age or treatment group using GraphPAD PRISM 5 (GraphPAD Software, San Diego, CA).
RESULTS
Developmentally Regulated Impact of Activin on Germ Cell Differentiation In Vitro
Data compiled from Affymetrix (Affymetrix Inc., Santa Clara, CA) microarrays (http://www.ncbi.nlm.nih.gov/geo/gds/ gds_browse.cgi?gds¼605) indicate that Inhba and Kit mRNA levels are inversely correlated during the first two postnatal weeks in the mouse testis, the time when spermatogenic differentiation first begins [40] (Fig. 1A) . We tested the impact of acute activin treatment on Kit expression in germ cells using Sertoli cell-germ cell cocultures from Day 4 and Day 8 testes. Leydig cells, which also express Kit [29] , are removed during preparation of these samples. The suitability of these cocultures for assessing changes in Kit mRNA was first tested by addition of retinoic acid and BMP4 on cells from Day 4 wild-type testes. As predicted [41] [42] [43] , both factors increased Kit mRNA levels (data not shown). The absence of Leydig cells was indicated by low or undetectable insulin-like 3 (Insl3), a fetal Leydig cell marker [44] (data not shown), and Kit values were normalized to mRNA measurements of the germ cell marker DEAD (Asp-Glu-Ala-Asp) box polypeptide 4 (Ddx4, also known as mouse VASA homologue and designated as Mvh herein) for each sample to correct for differences in germ cell numbers between samples during plating. Activin had no significant impact on either Kit or Mvh mRNA levels at Day 4 (Fig. 1B) . In contrast, Kit mRNA in Day 8 samples changed significantly in response to activin doses of 25 ng/ml (P , 0.05), 50 ng/ml (P , 0.05), and 100 ng/ml (P , 0.001) (Fig.  1C) relative to untreated controls. Because of its highly specific and virtually irreversible binding to activin, follistatin was added simultaneously with activin. Follistatin alone did not alter Kit mRNA levels (Fig. 1E ), but it did suppress the negative impact of activin on Kit when added simultaneously. Mvh mRNA levels at both ages and in different treatments groups did not differ significantly compared with untreated samples (Fig. 1, D and F) .
In Vivo Levels of Activin Affect Leydig Cells, Sertoli Cells, and Germ Cells in Newborn and Day 7 Mice
The effect of altered activin signaling on germ cell differentiation was then tested in vivo using activin transgenic mice. Because Inhba subunit mRNA is synthesized in germ cells, Sertoli cells, and Leydig cells within the juvenile mouse (Fig. 2, A-C) . The Insl3 mRNA persists in the juvenile testis, and this was higher in testes of Inhba À/À and Inhba BK/BK mice at Day 0 (P , 0.05) and in both Inhba
and Inhba BK/BK samples at Day 7 (P , 0.01) compared with wild-type animals (Fig. 2, D-F) . In contrast, mRNA encoding Clu was present at reduced levels in Day 7 Inhba BK/BK testes (Fig. 2, G-I (Fig. 3A) , but Sertoli cell numbers were significantly reduced (P , 0.05) in both Inhba BK/þ and Inhba BK/BK testes (Fig. 3B) . Thus, the germ cell:Sertoli cell ratios were elevated in heterozygous and wild-type mice treated with exogenous activin (ACT) compared with the untreated group (CON). C) Relative Kit mRNA levels in Day 8 Sertoli cellgerm cell cocultures in response to increasing doses of human recombinant activin treatment compared with the CON group. Groups were treated with 25, 50, and 100 ng/ml of activin (A25, A50, and A100, respectively). D) Relative Mvh mRNA levels compared with the CON group in response to different doses of activin. E) Relative levels of Kit mRNA compared with the control samples when treated with ACT, follistatin (FST), or a combination of both (COMBI). Activin treatment results in a significant reduction compared with untreated controls. F) Relative levels of Mvh mRNA compared with the CON group when treated with ACT, FST, or COMBI. Different lowercase letters represent significant differences between genotypes (P , 0.05). Kit mRNA levels have been normalized to Mvh mRNA values to correct for differences in germ cell plating between wells. All samples have been normalized to Rn18s levels and are reported as a relative fold change from the control group value, which is assigned a value of 1. Data represent the mean 6 SEM from six independent cultures. Inhba BK Clu. Different lowercase letters denote significant differences between genotypes within each age group (P , 0.05). þ/þ, wild type; À/þ and þ/BK, heterozygous; À/À and BK/BK, homozygous. All values have been normalized to Actb mRNA levels and are recorded as the relative fold change from the þ/þ value, which is set at 1. At least five testes from individual animals were sampled independently for each genotype and age. Data represent the mean 6 SEM.
homozygous mutant testes compared with wild-type littermates (Fig. 3C) .
The FSH levels are elevated in adult Inhba BK/BK serum. Therefore, FSH levels were measured in Day 7 Inhba BK mice using serum samples to assess if the changes in the cell proportions are due to differences in FSH levels. The FSH levels in Inhba BK/BK were not significantly different from those in Inhba þ/þ mice; however, they were significantly elevated compared with those in Inhba BK/þ mice (P , 0.05) (Fig. 3D) .
Reduced Bioactive Activin Levels Associated with Elevated Levels of Kit and Kitl mRNAs
While the Kit mRNA signal is derived from both germ cells and Leydig cells in whole-testis samples, germ cells in the Day 0 wild-type testis express low amounts of this mRNA relative to Day 6 testes [29] . Kit mRNA levels were significantly higher in Day 0 testes of both Inhba À/À and Inhba BK/BK mutant mice (P , 0.001) compared with their wild-type littermates (Fig. 4,  A and B) . In Day 7 animals, Inhba þ/BK testes had higher Kit levels compared with Inhba þ/þ or Inhba BK/BK samples (P , 0.05) (Fig. 4C) . The Kitl mRNA levels in newborn Inhba and Inhba BK showed no differences between samples of different genotypes (Fig. 4, D and E) , while Day 7 Inhba þ/BK and Inhba BK/BK testes had significantly lower Kitl compared with Inhba þ/þ (P , 0.05) (Fig. 4F) . This difference in Kitl mRNA could be attributed to the changing Sertoli cell numbers in Inhba and Inhba BK testes (Fig. 3B) ; hence, Kitl mRNA values from newborn and Day 7 testes were normalized to the amount of Clu mRNA present in each of these genotypes (from Fig. 2 , G-I) and are shown in Figure 4 , G-I. Following this normalization, Kitl mRNA values were significantly elevated in Inhba þ/À testes at Day 0 and in Inhba BK/BK testes at Day 7 compared with the wild-type testes at each age (Fig. 4, G-I) .
Testes with Reduced Bioactive Activin Exhibit Elevated Transcription of Meiotic Germ Cell Markers
Additional insight into the impact of reduced activin bioactivity on germ cell maturation was gained from measuring levels of three transcripts (Fig. 5 , A-C) that are upregulated as germ cells progress from mitosis into meiosis. Sycp3, encoding the synaptonemal complex protein 3 [46] , was elevated 4-fold in Inhba BK/BK testes compared with wild-type samples (Fig.  5A) , while a less dramatic but significant increase was measured for Ccnd3 (Fig. 5C ), encoding cyclin D3, which is a target of the KIT-KITL signaling pathway in the juvenile testes [47, 48] . A slight elevation in the deleted in azoospermia-like (Dazl) transcript, which is required for spermatogonial differentiation and formation of preleptotene spermatocytes [49, 50] , was not significant (Fig. 5B) . Table  2 ). Figure 6A shows a typical result for testis cells from a single Inhba þ/BK mouse testis. The proportion of KIT þ cells (R2 and R3) (Fig. 6A) Figure 3B .
Increased Proportion of Differentiated
Profile mapping of the mean fluorescence intensities of PE as a measure of surface KIT protein on individual cells within   FIG. 4 Kitl normalized to Clu mRNA. þ/þ, wild type; À/þ and þ/BK, heterozygous; À/À and BK/BK, homozygous. All values have been normalized to Actb mRNA levels and are recorded as the relative fold change from the þ/þ value, which is set at 1. At least five testes from individual animals were sampled independently for each genotype and age. Different lowercase letters represent significant differences between genotypes (P , 0.05). Data represent the mean 6 SEM.
FIG. 5.
Testes with reduced bioactive activin exhibit elevated transcription of meiotic germ cell markers. Real-time PCR analysis of whole testis mRNA levels in Day 7 Inhba BK mice (þ/þ, BK/BK) was performed for three maturation markers, Sycp3, Dazl, and Ccnd3 (cyclin D3). A) Day 7 Inhba BK Sycp3. B) Day 7 Inhba BK Dazl. C) Day 7 Inhba BK Ccnd3. þ/þ, wild type; BK/BK, homozygous. All values have been normalized to Actb mRNA levels and are recorded as the relative fold change from the þ/þ value, which is set at 1. At least five testes from individual animals were sampled independently for each genotype and age. Different lowercase letters represent significant differences between genotypes (P , 0.05). Data represent the mean 6 SEM.
the KIT þ MVH þ (R3) region revealed that Inhba BK/BK germ cells had a higher mean signal intensity (Fig. 6D) than Inhba þ/þ (Fig. 6B) and Inhba þ/BK (Fig. 6C ) germ cells. This demonstrates that individual differentiated spermatogonia in mice with chronically reduced bioactive activin have higher KIT protein levels. This shift was observed in the five separate experiments.
Germ Cell Maturation Rate Is Altered in Day 14
Examination of Day 14 testes using stereological analysis revealed that total germ cell and Sertoli cell numbers were significantly decreased in Inhba BK/BK testes (Fig. 7, A-E) . The absolute numbers of type A spermatogonia in Inhba þ/BK and Inhba BK/BK testes were reduced to 63.6% and 28.6%, respectively, compared with wild-type testes at Day 14 ( Fig.  7A) , while type B numbers were significantly reduced to 15.7% of wild type only in Inhba BK/BK samples (Fig. 7B) . Similarly, spermatocyte (Fig. 7C) , total germ cell (Fig. 7D) , and total Sertoli cell (Fig. 7E) 6A ). Numbers listed correspond to the percentage of cells that fall within each quadrant (R2, R3, R4, and R5) relative to the total cell count for that sample. Data are represented as mean 6 SEM from analysis of at least five independent samples per genotype.
The proportion of spermatogonial type relative to the total germ cell population (R3/R3þR5 or R5/R3þR5) is shown as a percentage in parentheses. a,b Different superscript letters represent significant differences between genotypes (P , 0.05).
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( Fig. 7F) . The proportions of germ cell subtypes (type A spermatogonia and spermatocytes) relative to total germ cell numbers were not significantly different (Fig. 7G) . However, type B spermatogonia proportions were significantly lower in the Inhba BK/BK testes (Fig. 7G) . 
DISCUSSION
This report presents the first evidence to date that acute and chronically altered activin levels influence the maturation of germ cells both in vitro and in vivo. This assessment was performed using KIT production as the primary indicator of spermatogonial maturation because KIT is a key signaling protein and because its binding to KITL is integral to the processes governing spermatogonial proliferation, survival, and maturation [22, 23, 25, 51] . Evidence from transcription of germ cell markers at Day 7 and enumeration of germ cell types at Day 14 further support the conclusion that in vivo levels of bioactive activin contribute to the normal progression of spermatogenesis by coordinating germ cell maturation and Sertoli cell numbers.
Activin A levels decline sharply in the rodent testis within the first postnatal week [7, 8] , concordant with gonocyte transformation into spermatogonia [5] . The activin bA subunit has been detected in germ cells, Sertoli cells, and Leydig cells at this time [8] ; therefore, the Inhba BK/BK mouse phenotype that emerges as a consequence of lowered activin bioactivity is complex and reflects the fact that there are many cellular targets for activin during fetal and early postnatal testicular development [8] . The FSH levels in Day 7 Inhba BK/BK serum are comparable to Inhba þ/þ levels; hence, observed differences in germ cell and Sertoli cell numbers or function are not the consequence of altered FSH levels (Fig. 3D) .
Several previous studies [22, 52, 53] ovary [54, 55] . When Kitl mRNA levels were normalized to the mRNA levels of Clu to account for differences in Sertoli cell numbers in the Day 7 Inhba BK mice, a significant increase was seen in the Inhba BK/BK testes (Fig. 4I) .
The capacity for activin to modulate germ cell maturation appears to be developmentally regulated. Intriguingly, flow cytometry analyses revealed that KIT þ germ cells in homozygous mutant mice also had higher cell surface KIT receptor protein levels. Because the KIT-KITL interaction is required for spermatogonial entry into meiosis [51] , the increased production of KIT in germ cells of Inhba BK/ BK mice might indicate that altered germ cell maturation is a specific consequence of reduced activin signaling. KIT and KITL are known to influence spermatogonial proliferation in the immature testis by upregulating cyclin D3 (Ccnd3) levels [47, 48] and by enabling germ cell entry into meiosis [51] . Therefore, Day 7 Inhba BK whole testes were used to test for mRNA levels of Ccnd3, Sycp3, and Dazl. All three genes were increased in the Inhba BK/BK testes compared with Inhba þ/þ testes, with Ccnd3 and Sycp3 showing significance (Fig. 5 , A-C). In addition, stereology performed for Day 14 Inhba BK mice revealed that the relationship between germ cells and Sertoli cells had occurred during the second week of postnatal development (Fig. 7, A-F) . These findings indicate that there is a shift in the functional relationship of germ cells and Sertoli cells around the time when Sertoli cells undergo terminal differentiation, most likely relating to establishment of the well-documented equilibrium sustained through adulthood in which each Sertoli cell supports a fixed number of germ cells [56] . The conversion of type A to type B spermatogonia was significantly higher in Inhba þ/þ testes compared with Inhba BK/BK testes, while type B spermatogonia to spermatocyte conversion was significantly higher in Inhba BK/BK testes (Fig.  7H ). This indicates that there is a reduced capacity for type A spermatogonia to transition into type B spermatogonia, while those that do transition progress more efficiently into spermatocytes. The enhanced capacity of type B spermatogonia to transition into spermatocytes at Day 14 is in accord with the documented elevation of meiotic germ cell transcripts measured at Day 7 (Fig. 5, A-C) .
Overexpression of activin inhibitors follistatin and follistatin-like 3 in mice results in a phenotype similar to the Inhba BK/BK male mice. The testes weights of these mice are significantly smaller [57, 58] . Follistatin transgenic mice were infertile, while follistatin-like 3 transgenic mice had reduced Sertoli cell proliferation and reduced fertility. These studies reinforce the fact that chronic reduction in activin signaling modulates Sertoli cell and germ cell development and function.
We propose a model in which the reduction of activin bioactivity is vital for the onset of normal spermatogenesis in the early postnatal testis (Fig. 8 ). Local production of activin A is regulated at this time [8] , and its action on germ cells is modulated by inhibitors, including follistatin and Bambi, that are synthesized in spermatogonia [6, 59] . In our model, this local reduction of activin bioactivity enables the normal elevation of Kit and Kitl required for subsequent spermatogonial differentiation [22] and for other processes controlled by availability of the Sertoli cell-produced KITL [23, 60, 61] . Constitutive KIT synthesis is essential for germ cell maintenance at this stage, specifically through the phosphoinositide 3-kinase signaling pathway [47, 48] . When elevated activin levels are mimicked by exogenous activin A addition to Day 8 (but not Day 4) germ cells in vitro, total Kit levels are significantly suppressed. This outcome supports the concept that decreased activin signaling is a normal feature of the first wave of spermatogenesis associated with germ cell differentiation. Alternatively, when bioactive activin levels are chronically reduced in the testis, the suppressive effect on Kit and Kitl is diminished. These germ cells exhibit more surface KIT protein, while Sertoli cells produce more KITL, and these testes contain proportionally more differentiated spermatogonia and are triggered to mature into spermatocytes faster compared with wild-type testes. Our working model is that altered activin and subsequently KIT-KITL signaling disrupts the normal coordination of germ cell maturation in Inhba BK/BK ; hence, some of these cells differentiate, while others remain as less mature cell types (Fig. 8, Diminished activin [in vivo] ).
In summary, this study provides the first in vivo evidence to date of a role for activin signaling in germ cell differentiation and Sertoli cell proliferation. This growth factor contributes to Table 2 ): Reduced activin bioactivity reduces Sertoli cell numbers and increases KITL production, cell surface KIT protein levels in germ cells, proportion of differentiated spermatogonia in the Day 7 Inhba BK/BK testes, and rate of maturation of germ cells.
988 the complex milieu of interactions via autocrine and/or paracrine mechanisms at the onset of spermatogenesis to regulate spermatogonial differentiation.
